Laboratory experiments and numerical simulations have shown that volcanic ash particles immersed in water can either settle slowly and individually, or rapidly and collectively as particle-laden plumes. The ratio of timescales for individual and collective settling, in the form of analytical expressions, provides a dimensionless quantitative measure of the tendency for such plumes to grow and persist which has important implications for determining particle residence times and deposition rates. However, existing measures in the literature assume that collective settling obeys Stokes' law and is therefore controlled by the balance between gravitational forces and viscous drag, de- * Corresponding Author
Theoretical Considerations

52
Quantitatively describing the tendency for plumes of particles to form in 53 an ambient fluid has been achieved in previous works (Marsh, 1988; Goldin, 54 2008; Carazzo and Jellinek, 2012) through a dimensionless number B. This is 55 4 defined in such a way that values of B less than or equal to unity imply that 56 plumes do not form, whereas a value greater than unity implies favourable 57 conditions for plume growth and persistence. In particular, existing dimen-58 sionless numbers have been defined by the ratio of timescales for individual 59 particle settling under Stokes' law and collective settling as a gravitationally 60 unstable plume, such that
That is, given information about the current state of Rayleigh-Taylor insta-62 bilities, the time required for particles to reach that state through individual 63 and collective settling modes can be approximated using analytical expres- magnitude. Note that a value of B < 1 also implies that plumes cannot form,
70
but when B is defined by the ratio of timescales this value has no physical 71 meaning except for the case of hindered settling (Kuenen, 1968 ) which is 72 not considered here. The parameters needed to compute these expressions 73 include the particle concentration and the thickness of the particle-rich layer 74 which often have to be estimated in practice. Alternatively, the measure 75 can be re-formulated in terms of a critical layer thickness that must be at-76 tained in order for pluming to take place (discussed later). This only requires 77 knowledge of the mass influx across the water's surface and particle diameter 78 5 which is often readily available during or after an eruption event.
79
One such formulation of B is the one derived by Marsh (1988) The time taken for an individual (spherical) particle to settle through a layer 87 of thickness h is therefore given by
where d p is the particle diameter, g is the acceleration due to gravity, µ f is 89 the viscosity of the fluid phase, and ρ f and ρ p are the density of the fluid and example Whitehead and Luther (1975) ; Goldin (2008) ) that the timescale of 94 collective settling is given by:
where α p is the volume fraction of particles in the layer. Taking the ratio of 96 these two timescales yields the dimensionless number B vv : Figure 1: Illustration of particle plumes forming in a tank of water. The height of the particle-rich layer is denoted by h. The amplitude of the longest growing instability is denoted by δ.
where β is a dimensionless constant growth parameter, At =
Atwood number, and ρ is the bulk density of the plume defined as ρ = ). This expression can be readily integrated to provide an expression for 150 τ collective , given by (Youngs, 1984) 151
Note that the initial condition δ(t = 0) = 0 has been applied here. Although 152 t = 0 is supposed to be the point at which the flow reaches self-similarity
153
(that is, when the flow behaviour appears the same on any scale) such that the initial condition becomes δ(t = 0) = δ 0 for some δ 0 > 0, this work chooses 
161
Taking the ratio of (2) and (6) yields the new dimensionless number
It should be emphasised that this dimensionless quantity assumes that the 163 ambient fluid is incompressible, and that individual particle settling is con- 
Numerical Simulations
To determine the ability of B vi and B vv to predict plume onset, a suite of 177 two-phase numerical simulations of particle settling in water was performed 178 using a multiphase computational fluid dynamics code called Fluidity, vary-
179
ing the particle diameter and constant particle mass flux (into the water from 180 above) over a range that encompassed the laboratory particle settling exper- 
195
The following physical parameters were used and remained constant through-196 out all simulations: ρ p = 2,340 kgm −3 , ρ f = 1,000 kgm −3 , µ f = 0.001 Pas,
197
and g = 9.8 ms −2 . The particle phase was assumed to be inviscid such that these ranges were chosen, detailed in Table 1 .
204
The domain was discretised using an unstructured mesh of solution nodes,
205
composed of triangular and tetrahedral elements in two and three dimensions were performed until t = 600 s, which was enough time for plumes to form 220 for all combinations of particle diameters and mass fluxes.
221
To establish any possible effect of problem geometry on plume formation, ity, forming a uniform layer of thickness h. Eventually, instabilities at the 226 base of this layer grew into plumes that settled to the base of the tank much 227 more rapidly than the initial, individual particle settling speed. The layer 
Experimental Data
255
The experiments performed by Carey (1997) 
Furthermore, assuming the volume fraction of particles in the layer was uni-264 form (because of the constant mass flux), and the total volume of the layer
265
(including the water) was given by
where A is the area through which particles fluxed in (A = 0.9 m 2 for these 267 particular experiments), then
where V p is the volume occupied by the particles. The mass flux of particles 269 per unit area,Ṁ p , was used to calculate the volumetric flux per unit areaV p
From this, the volume of the particle phase in the layer was calculated as
and the volume fraction followed from
Carey ( 
276
These times were used as approximations to t onset for the purpose of estimat-
277
ing B vv and B vi , giving two data points for each measure, denoted E1 and 278 E2 (see Table 1 ).
279
Evaluation of the Measures
280
The results from the parameter study reinforced the expected relation-281 ship between the particle diameter, mass flux and layer instability. value would differ from 1.2. This is because for any δ proportional to h the 309 ratio of timescales between individual and collective particle settling is the 310 same to within a constant factor for a given plume scenario.
311
Although the estimated experimental data points do not follow an exact is easily explained by the ambiguity in plume onset time, which could not be accurately determined from the ultrasound images. Moreover, the approxi- inertial drag is able to more accurately measure the tendency for plumes to 339 form at early times.
Alternative Formulation
341
The measures in their current form require knowledge about the state of 342 the layer, in particular the layer thickness, the volume fraction of particles
343
within it, and (in the case of B vi ) the amplitude of the growing instabilities.
344
Given this information, the non-dimensional number can be used to deter- (assumed to be constant and uniform in the layer) was formulated:
whereV p is the volumetric flux (per unit area) and u stokes is the Stokes' law by setting B equal to unity, h crit was derived. For B vv , the value of h crit is given by
On the assumption that ρ ≈ ρ f in (7) because α f ≈ 1, and that plumes have 364 formed when δ = h, the value of h crit for B vi is given by
Figures 5a and 5b illustrate the relationship between the particle diameter plies that a much thinner layer will be required to initiate plume onset (for 392 a given particle diameter). It is also important to note that, since plume 393 size is related to h and therefore h crit , any eruption column that is unable 394 to sustain its upward motion and is thicker than h crit will collapse as a den- be modified to support polydisperse flows, a three-phase simulation was set up in Fluidity which extended the earlier two-phase simulations. dynamics of the whole polydisperse system at later times.
Including Additional Particle Sizes
444
As the plumes continued to grow and entrain material the two particle Since the theoretical measures of the tendency for plume formation de-458 pend on the particle diameter, it is worth considering how the measures
459
should be modified to support multiple particle diameters. To this end, four 460 additional polydisperse simulations were performed. The particle diameters 461 chosen covered the range used by Carey (1997) and are detailed in Table 2 . instead of the larger particles gave a good estimation of the layer thickness.
476
Therefore, when computing h and τ individual , d p was chosen to be equal to d p 1 .
477
The results from the parameter study of the polydisperse simulations are 
Discussion
488
By once again assuming that ρ ≈ ρ f in (7) because α f ≈ 1, a useful 489 property of (7) is that B vi is a function of the product of h and α p , which is Table 2 ), using δ = h. Several contours of B vi are given by solid lines. Note that the xcoordinate of each numerical data point corresponds to the smallest particle diameter used in each polydisperse simulation, since this value is used to compute B vi . As before, points E1 and E2 correspond to the experimental data; however, in light of the findings from the polydisperse simulations, the smallest particle diameters from the original experiments by Carey (1997) (d p = 20 µm and d p = 32 µm) were used instead of the averages given in Table 1 . The Reynolds number is a useful dimensionless quantity for determining 514 whether viscous or inertial drag effects dominate the dynamics. By defining 515 separate Reynolds numbers for individual particles and plumes, one can de-516 cide which B measure is appropriate for a given geophysical scenario. These
517
Reynolds numbers are respectively defined as
and 519 Re plume = ρ f |u plume |d plume µ f ,
where |u plume | and d plume are the velocity and length scale of the plume.
520
The B vi measure is appropriate in cases where Re particle is small and
521
Re plume is typically much greater than unity, implying that individual particle 522 and plume settling are dominated by viscous and inertial drag, respectively.
523
For micrometre-sized ash particles settling in water with a velocity that obeys 
529
The measure B vi is therefore appropriate in this case.
530
In addition to ash particles settling through bodies of water, the new 531 measure B vi may also be applicable to other geophysical processes which 532 have the potential to form plumes. One example is the settling of volcanic 533 ash through the atmosphere following an explosive volcanic eruption event.
534
For small pyroclasts, Re particle will still be less than unity (typically between with a high inertia. This is certainly the case for impact ejecta re-entering 544 the atmosphere, for example. In these cases, Stokes' law will no longer hold 545 and the B ii measure given in Appendix B may be more appropriate.
546
The process of crystals settling in a magma chamber is another example 547 of where a different measure is necessary (Marsh, 1988 ance between gravitational forces and inertial (rather than viscous) drag.
558
The measure was evaluated, along with a measure by Marsh (1988 interpretation of the layers of volcaniclastic material along the seabed.
586
The formulation of the new measure itself brought an additional benefit; 587 the value of B vi could be estimated from the properties of the final deposit,
588
such that knowledge of the particle mass flux and duration are not required.
589
It was found that for typical fine-grained ash deposits greater than 1 mm in 590 thickness, it is likely that particles would have settled collectively as plumes.
591
However, care must be taken when using this estimation since it introduces 592 assumptions about the layer itself (e.g. uniform in thickness) which may not 593 always be justifiable in practice.
594
Despite the study focussing mainly on monodisperse systems with just 595 one particle size, it was demonstrated that the measure can also correctly 596 predict plume onset conditions for a polydisperse flow. Plume onset was 597 found to be governed by the smaller particles in such flows, so the value of 598 d p in B vi should be chosen to be the diameter of the smallest particle in the 599 system. Furthermore, it is worth noting that while the new measure was 600 only applied to situations involving volcanic ash, it is likely that it will also 601 be valid for other geophysical events involving small particles in water, such 602 as impact ejecta fallout. Density of the particles
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